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limitations of size and shape are properly addressed, high silicon steel is expected to be widely adopted by the
industries. Among all the investigated processing techniques, rapid solidification appears to be the most cost-
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A B S T R A C T
To meet the growing need for energy efficiency in power electronics and electric machines, a number of new soft
magnetic materials are being investigated. Among them, high silicon Fe-Si alloy has been recognized as a
promising candidate for low-to-medium-frequency applications. Compared to the currently most widely used
3 wt% silicon steel, the steel containing 6.5 wt% Si possesses more favorable properties, including high electrical
resistivity, good saturation magnetization, and near-zero magnetostriction. However, the high silicon content
facilitates the formation of ordered phases, resulting in severe brittleness that prohibits mass production using
the economical conventional processing methods. A number of new processing routes have been investigated
and inspiring progress has been made. Prototypes of motors and transformers using high silicon steel have been
demonstrated with improved efficiency and power density. If the processing cost and limitations of size and
shape are properly addressed, high silicon steel is expected to be widely adopted by the industries. Among all the
investigated processing techniques, rapid solidification appears to be the most cost-effective method for mass
producing thin sheet of high silicon steel. This paper reviews the current state-of-the-art of the Fe-Si based soft
magnetic materials including their history, structure, properties, processing, and applications.
1. Introduction
Soft magnetic materials are the materials that can rapidly switch
their magnetic polarization under a small applied field. They are
usually characterized by an intrinsic coercivity of less than 1000 A/m.
Soft magnetic materials are used for power generation, condition,
transfer, and conversion, and are extensively used in electric machines,
power electronics, sensors, and electromagnetic interference (EMI)
preventions. They play a vital role in today’s energy-use sectors of the
economy.
Soft magnetic materials are used in both DC and AC applications. In
DC applications, a desired magnetic flux is generated when the soft
magnetic materials are energized with an externally applied field,
which is normally created by passing an electric current through an
excitation coil. After the work is complete, the soft magnetic materials
are demagnetized by removing the external field, i.e., by switching off
the current in the excitation coil. Examples of typical DC applications
are lifting electromagnets or electromagnetic switches. Permeability,
magnetic flux density, and intrinsic coercivity are the key figures of
merit in DC applications. In AC applications, the soft magnetic mate-
rials are magnetized and demagnetized repeatedly following the
frequency of the alternating current supplied to the induction coil.
Transformers, generators, and electric machines are all operated in AC
conditions. In addition to sufficient magnetic flux density, minimum
energy loss is the most important consideration in AC applications.
Typical energy losses and their distribution in a 50 HP motor are
shown in Fig. 1. One of the major energy losses directly related to soft
magnetic materials is the iron loss, which increases with excitation
frequency. For motors and transformer applications, a higher frequency
is preferred because it can significantly improve power densities, as
shown in Fig. 2. This is why reducing the iron loss at higher excitation
frequencies is a major focus for most of the researchers on soft magnetic
materials. The improvement of magnetic material properties is highly
rewarding. For example, in a transformer, an increase of 1.5% in energy
efficiency implies a direct saving of 240×109 kW·h [1], which is
equivalent to $12 billion/yr for electricity price of $0.05/KW·h.
There are two main approaches to minimizing the AC iron losses
according to the classic eddy current theory: (1) decreasing the part’s
thickness and (2) increasing the part’s electrical resistivity. The tradi-
tional approach is to reduce the sheet thickness to 0.65–0.35mm [5,6],
and then coating the sheet with an electrically insulating layer. The
resulting product is a stack of thin laminates insulated from each layer,
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which satisfies both the low thickness and high resistivity requirements.
Further reduction of the thickness to below 0.1mm to meet the re-
quirements of aircraft and aerospace applications [7] is possible
[5,8–10] but not popular owing to the high processing cost and low
stacking efficiency [10]. With the low-thickness approach reaching its
practical limit, minimization of iron loss demands new soft magnetic
materials with a high electrical resistivity. In addition to reducing the
thickness and increasing the resistivity to minimize the classical eddy
current loss, AC iron losses can also be lowered by tailoring the ani-
sotropy and magnetization reversal processes, including domain wall
engineering [11,12] and refinement of various structure parameters
(e.g., impurities, defects, grain size [13], residual stress [14–16], and
crystallographic texture [7,17]). Advanced and sophisticated me-
tallurgical and manufacturing processes are usually required to main-
tain a low AC iron loss [5,18].
Besides high electrical resistivity, a high saturation magnetic flux
density is also important. At a fixed frequency, a high magnetic flux
density implies a high power density and high torque for motor appli-
cation. With the increasing demand for higher performance, history has
witnessed the invention of a variety of soft magnetic materials from
mild steel around 1880 to silicon steel in 1900 [19], permalloys in
1915–1923 [20], ferrites in the 1940s [21], amorphous alloys in 1967
[22], high silicon steel in the 1970s [23], and nanocrystalline alloys in
1988 [24]. Soft magnetic materials are categorized into different sub-
groups based on their chemistry and composition. Typical soft magnetic
materials that are available in the market [6] are pure iron and low-
carbon steel, iron-silicon alloys (Fe and up to 6.5 wt% Si), iron-based
sintered powders or the so-called powder core (Fe with minor alloying
of P and/or Si), permalloy (Fe-Ni) or molypermalloy (Fe-Ni-Mo), per-
mendur or hiperco (Fe-Co-V), MnZn or NiZn ferrites, sendust (Fe-Si-Al),
Fe-based amorphous alloys (Fe-B-Si), Co-based amorphous alloys (Co-
Fe-B-Si), and nanocrystalline alloys (HITPERM, NANOPERM, FI-
NEMET). A collection of commercially available soft magnetic materials
in the form of a toroid is shown in Fig. 3.
Each type of soft magnetic material has its distinct feature; for ex-
ample, permalloy is known for its near-zero anisotropy and magnetos-
triction, and high permeability; however, it has either a low saturation
magnetization, or a low electrical resistivity depending on the compo-
sition. Although permendur shows the largest room-temperature sa-
turation magnetization [25], its eddy current loss is high due to its low
electrical resistivity. Soft ferrites have excellent electrical resistivity,
but also have a low saturation magnetization owing to its ferrimagnetic
nature. Silicon steel offers high saturation magnetization and low cost,
but its eddy current loss is yet to be improved. The amorphous and
nanocrystalline alloys are unique owing to their exceptionally low
coercivity and eddy current losses; however, they are extremely brittle
and lacks high saturation magnetization [26].
Significant developments have taken place in these materials since
their invention. New compositions and new devices along with ad-
vanced processing techniques were developed to improve the perfor-
mance of ferrites [27,28]. Metallurgical advances with focus on opti-
mizing texture, defects, impurities, grain size, and residual stress have
been achieved in conventional silicon steel [7,29]. Key understanding
of processing the steel with high silicon content and thinner gauge has
been established [30]. And for the amorphous and nanocrystalline al-
loys, researches on improving saturation magnetization, thermal sta-
bility, and anisotropies [31–33] as well as new fabrication methods to
integrate the brittle materials into devices are also making steady
progresses [26]. Over the last decade, new nanocrystalline alloys with
higher saturation magnetization and improved ductility have been de-
veloped. A notable example of high saturation nanocrystalline alloys is
the Fe-Si-B-P-Cu alloys, trade name “NANOMET”, developed by Makino
[200]. NANOMET shows a saturation magnetic flux density (Bs) as high
as 1.9 T [200], and was recently demonstrated to be able to be made
into 120mm-wide tapes [201]. While the Fe-Si based nanocrystalline
materials made significant improvement in magnetization, the newly
designed Co based [202] and FeNi based [203] nanocrystalline alloys
made notable improvement in ductility. The ribbons pieces from these
alloys showed improved fracture toughness by surviving simple
bending tests during which the ribbons were bent into U shape without
fracture [202,203]. These newly developed nanocrystalline alloys show
great potential and are on the verge of widespread commercialization.
Among all the soft magnetic materials, silicon steel is still by far the
most commonly used material with an annual worldwide production of
ten million tons and a market share of 80% [30]. Silicon steel (3.2 wt%
Si) is currently the most popular choice for motors and transformers
because it offers balanced electrical and magnetic properties, and per-
haps more importantly, low cost. It is composed of silicon and iron, two
of the earth’s most abundant elements. In addition, the conventional
3.2 wt% silicon steel has excellent ductility, allowing the slabs coming
out from the continuous casting line to be directly hot-rolled into hot-
bands with 3 to 5mm thickness, then cold-rolled into thin laminates of
less than 1mm thickness. Recently, with the market demand of further
reduction in energy loss, a new generation of materials such as high
silicon steel, amorphous alloys, and nanocrystalline materials have
been intensively investigated. Unfortunately, none of these materials
possesses all of the desired physical properties and all of them incur
high processing costs. Figs. 4 and 5 compares the saturation magneti-
zation, electrical resistivity, and iron loss of these materials at 1 T and
400 Hz, respectively. These figures show that 6.5 wt% silicon steel of-
fers a good balance of high saturation magnetization (1.8 T) and high
electrical resistivity (82 µΩ-cm), and low iron loss. In addition, high
silicon steel displays near-zero magnetostriction [34], which is neces-
sary for reducing the operating noise of transformers.
Despite these favorable properties, the application of high silicon
steel remains mostly at the lab scale [41]. The main hindrance to its
wide application is its high processing cost resulting from its brittleness.
The material cannot be mass-produced using the economic cold roll
process, which is widely used for low silicon steel. A majority of re-
search conducted in the field of high silicon steel focuses on resolving
the brittleness problem while maintaining and enhancing its magnetic
properties. This paper reviews the history, structure, properties, pro-
cessing, and applications of high silicon steel.
2. History of high silicon steel
The beginning of silicon steel started at the turn of the 20th century
when the developing world was expanding, and with it, the demand for
the generation and transportation of electrical energy was increasing.
An English scientist named Robert A. Hadfield began investigating
methods to improve the soft magnetic material of choice at that time:
pure iron. He began by introducing various elements, creating several
Fig. 1. Typical energy losses and their distribution in a 50 HP motor [2].
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iron alloys, and observing the effects of alloying elements on its mag-
netic and electrical properties. He began looking at carbon, aluminum,
nickel, and silicon. The majority of these additions sacrificed much of
the material’s magnetic saturation without imparting enough beneficial
effects. However, silicon, while still decreasing the overall magnetic
strength, was able to dramatically improve the magnetic permeability,
and electrical resistivity, while decreasing the coercivity [19]. His
findings were further investigated by Guimlich in 1912 and Campbell in
1920, who confirmed that the addition of up to 6.5 wt% silicon yielded
the best electrical and magnetic properties [42,43]. The only drawback
to this addition was that above 3.2 wt% silicon, the material becomes
brittle and difficult to work with using the traditional manufacturing
methods. Therefore, for the time, 3.2 wt% silicon became the gold
standard of soft magnetic materials.
Around 1930, Norman P. Goss was looking into ways to further
improve the 3.2 wt% silicon steel, which were then used in the
American electrical grid. The original method for processing the ma-
terial left it with isotropic properties with a random orientation of
grains. The crystal structure of silicon steels has an easy magnetic di-
rection of 〈1 0 0〉, a medium direction of 〈1 1 0〉, and the worst direc-
tion of 〈1 1 1〉. Goss developed a method of orienting the silicon steel
grains with a 〈1 0 0〉 texture, such that the subsequent processing
would selectively encourage their growth and result in grain-oriented
silicon steel. The grain-oriented silicon steel exhibited increased per-
meability and a significant reduction in iron loss in the rolling direction,
perfect for high-voltage power transformers [44].
As the demand for more powerful and efficient means of producing
3.2 wt% silicon steel increased over the next 40 years, much of that
time was spent refining various processing techniques in an attempt to
extract as much performance as possible. Beginning around the
Fig. 2. (a) Plot of power density vs frequency for a motor. (b) Comparison of power densities of a low-frequency motor/transformer and a high-frequency motor/
transformer. The size is significantly reduced by the use of high frequencies in both cases [3,4].
Fig. 3. Photo showing a collection of commercially
available soft magnetic materials in toroid form.
Three differently sized samples are wound with pri-
mary (outer, yellow color wire) and secondary
(inner, red color wire) windings for magnetic mea-
surement. Note that there are several tiny sharp
fragments beneath the nanocrystalline core. The tape
shattered into fragments during uncoiling owing to
the brittle nature of the nanocrystalline sample. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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1970 s, the demand for a soft magnetic material with exceptional
electrical resistivity for high-frequency audio equipment brought
6.5 wt% silicon steel back into the limelight. Its inherently higher
electrical resistivity and near-zero magnetostriction made it a perfect
material for applications at high frequencies as it could minimize
losses from both eddy current loss and shape changes [23]. This
sparked a renewed effort to find alternative ways to process the brittle
material, and many methods were tested over the next few years in-
cluding melt spinning, chemical vapor deposition (CVD), twin rolling,
and powder metallurgy [45–48]. Melt spinning showed great promise
in producing a low-cost 6.5 wt% silicon steel [49–51]. As demon-
strated by Liang et al. [51], 30-mm-wide continuous tapes could be
successfully produced by melt spinning, and their excellent ductility
ensured that the tapes could be coiled into spools. However, the in-
dustry did not switch over immediately to 6.5 wt% silicon steel due to
the increased cost, and it is only with the recent demand for even more
efficient electric motors and high-voltage transformers that the high
silicon steel is finally on the verge of being accepted as a commercially
viable soft magnetic material [51].
3. Structure of high silicon steel
3.1. Effect of silicon in steel
Silicon addition in steel has several profound effects. Due to the
smaller atomic radius of Si (1.11 Å) than that of Fe (1.26 Å), the lattice
parameter of Fe-Si decreases linearly from 0 to 18wt% of silicon con-
tent [34,52]. A change in slope occurs at around 5wt% of silicon that
corresponds to the ordering, as will be discussed in detail below. The
density of Fe-Si follows the same trend as that of the lattice parameter,
and Fe-6.5 wt%Si has a density of 7.48 g/cc [34].
Silicon addition rapidly increases the electrical resistivity of iron
[52]. The electrical resistivity of 6.5 wt% Si steel is 82 µΩ-cm, while
that of pure iron is 10 µΩ-cm [7,34]. Arato et al. [53] found that Si
addition increases the electrical resistivity linearly with a coefficient of
11.62 µΩ-cm per wt% in the range of 0.15–2.2 wt% silicon steel. A si-
milar coefficient of 12.785 µΩ-cm per wt% was measured by Hou [54]
with the silicon content ranging from 0.21 to 2.0 wt%. In practice, the
silicon content was back-calculated by measuring the electrical re-
sistivity by NKK corporation in the production line due to the near-
linear relationship between resistivity and silicon content over the
range of 3–8wt% [35]. The increase in electrical resistivity results in
lower eddy current loss [8,34,55] and higher efficiency. Ruder found
that steel with 6.5 wt% Si has the lowest total loss at 1 T magnetic in-
duction and 60 Hz induction frequency [56].
The magnetocrystalline anisotropy also decreases with silicon ad-
dition [7], thus resulting in higher relative permeability for high silicon
steel [1]. The relative permeability was shown to increase slowly below
3wt% silicon, then increase rapidly reaching a maximum of 29,000 at
around 6.5 wt% silicon content before it drops [34]. The magnetos-
triction decreases rapidly along the 〈1 0 0〉 axes with increasing silicon
content, while it increases slowly along the 〈1 1 1〉 axes, resulting in
nearly zero combined magnetostriction for 6.5 wt% silicon steel
[34,35,47]. The minimum magnetostriction can effectively reduce the
transformer noise [47]. The saturation magnetization, however, de-
creases with increasing silicon content, reaching ∼1.8 T at 6.5 wt%
silicon [7,34]. In addition, the materials become more brittle with in-
creasing silicon content due to the formation of ordered phases.
3.2. Ordering in high silicon steel
Fe-Si electrical steels have a substitutional A2 body-centered cubic
(bcc) structure at low silicon concentrations. When the silicon con-
centration is increased to about 5.3 wt%, B2 ordering starts to occur
Fig. 4. Comparison of electrical resistivity and saturation magnetization of a
few key soft magnetic materials [9,31,35–40].
Fig. 5. Comparison of iron loss W10/400 (a) and magnetostriction (b) of a few key soft magnetic materials [9,31,35–40]. Note that the magnetostriction of 6.5 wt%
Si steel is too small (0.01 ppm) to be shown.
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below 500 °C according to the phase diagram shown in Fig. 6a [57,58].
D03 ordering starts to appear when the silicon content is increased
beyond 6wt%. The terms A2, B2, and D03 are Strukturbericht symbols
that specify the structure of a crystal, and represents monatomic bcc α-
Fe, CsCl-type AB compounds, and AlFe3-type AmBn compounds, re-
spectively. The ordering of Fe-Si can be best described using the su-
perlattice structure consisting of four interpenetrating face-centered
cube (fcc) cells having a lattice parameter twice that of a single bcc cell
[58], as depicted in Fig. 6b.
The superlattice structure can also be viewed as consisting of 8 bcc
lattices stacked as a cube. A2 is in the disordered state, with random
distribution of iron and silicon atoms in the superlattice. The unlike-
atom pairing of the nearest-neighboring atoms results in B2 ordering,
where the sublattice sites are preferably occupied by silicon atoms.
Further ordering between the next-nearest-neighboring atoms results in
D03 ordering, where only half of the sublattice sites with the longest
separation are preferably occupied by silicon atoms. It should be noted
that the full B2 structure requires all sublattice sites (bcc sites) to be
occupied, corresponding to the stoichiometric compound FeSi. Fe-
6.5 wt%Si has insufficient silicon to form the stoichiometric compound.
The B2 phase in Fe-6.5 wt%Si adopts the structure, wherein silicon
atoms occupy some of the sublattice sites (bcc sites) and iron atoms fill
rest of the sites. Similarly, the full D03 configuration requires 4 silicon
atoms and 12 iron atoms, which correspond to the stoichiometric
compound Fe3Si. The D03 structure in Fe-6.5 wt%Si represents the
structure in which silicon and iron tend to occupy the sites in the same
manner as they do in Fe3Si D03.
Due to the ordering, additional dots or lines appear on the electron
or X-ray diffraction patterns [59]. These superlattice dots or lines are
used for material characterization to determine the presence of B2 and
D03 phases. D03 generates a unique superlattice peak corresponding to
the {1 1 1} planes, while B2 shares the {2 0 0} superlattice peak with
the D03 {1 0 0} planes. The ordering interacts with dislocations re-
sulting in a strengthening effect [60], which adversely affects the me-
chanical properties. Superdislocation slip deformation mechanism as
proposed for B2 and D03 lattices [61] also deteriorates the mechanical
properties. B2 and D03 ordering leads to improved magnetic properties,
where B2 growth is responsible for higher specific magnetization, and
D03 growth is responsible for low magnetostriction, high maximum
permeability, and low coercive force [62].
3.3. Suppression of ordering in silicon steel
To suppress the deleterious ordering, a variety of fast quenching
routes has been explored. Raviprasad et al. [63] examined the ordering
of rapidly solidified Fe-6.5 wt%Si by three processing routes: planar
flow casting (PFC), melt spinning (MS), and twin rolling (TR). TEM
analysis revealed that B2 ordering can be found in the single-roll-pro-
cessed (PFC and MS) samples, while the additional D03 ordering can
only be found in the twin-rolled samples. In addition, the B2 domains
were also found to increase from 20 to 30 nm in the PFC and MS
samples to 60 nm in the TR sample. This study suggested a strong de-
pendence of ordering on cooling rate. The typical tangential wheel
speeds used by these techniques were 8–60, 42, and 32m/s, respec-
tively. But, the actual cooling rates associated with each wheel speed
for each method were not investigated.
The cooling process using three quench media was studied by Zhang
et al. [64]. The cooling rates of oil, water, and salt water (10% NaCl)
were found to be 74, 304, and 375 °C/s, respectively, for the samples
with dimensions of 2mm×5mm×35mm. The faster cooling rates
resulted in a reduction of the ordered region with the domain sizes
changing from 1 to 3 μm to 20–200 nm and 5–50 nm, respectively.
However, a higher cooling rate was found to create larger residual
tensile stress, which to certain degree, diminishes the ductility gained
by lowering the degree of ordering.
Fu et al. [61] studied the effect of cooling rate on Fe-6.5 wt%Si-
0.05 wt%B alloy with columnar grains formed by directional solidifi-
cation. Rapid oil quenching reduces the growth of needle-shaped boron-
rich precipitates that are harmful to the bending properties. The size of
the ordered phase reduces from 3 to 5 μm to 20–50 nm, suggesting a
reduction in the degree of ordering from furnace cooling to oil
quenching.
It appears that rapid cooling can suppress the formation of D03 and
reduce the size of B2, but cannot completely suppress the B2 ordering
[65]. A summary of the relationship between known cooling rate and
the resulting ordering is shown in Fig. 7.
In addition to quenching, deformation was also found to have effect
in decreasing the ordering and reducing brittleness. Fu et al. [68] found
that the superlattice B2 and D03 peaks were missing in the TEM dif-
fractions patterns after compressing the sample at room temperature,
and the compression deformation allowed the sample to be warm and
cold rolled to a 0.2-mm-thick sheet with no obvious edge cracks.
4. Properties of high silicon steel
4.1. Magnetic properties
High silicon steel can be used in both direct current (DC) and
Fig. 6. (a) Fe-Si phase diagram of high silicon steel [57,58]. (b) Superlattice crystal lattice of high silicon steel. For disordered A2 phase, Fe and Si can sit in any of the
plotted sites. For B2, Fe prefers the sites denoted by solid black dots and gray dots, while Si prefers the sites denoted by gradient dots and open dots. For D03, Si
prefers the sites denoted by open dots, while Fe prefers all the other sites.
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alternating current (AC) applications. Its DC and AC magnetic proper-
ties are equally important. Permeability, magnetic flux density, and
coercive field are the key properties for DC applications, while iron loss
including hysteresis loss, eddy current loss, and anomalous loss are the
most important properties for AC applications.
4.1.1. DC magnetic properties
The permeability of hot-rolled and annealed silicon steels with the
silicon content ranging from 0.21 to 2.0 wt% was studied by Hou [54].
Grain size was found to be the predominant factor for permeability at a
low induction (1 T) for both DC and AC 50Hz conditions. Under a high
induction, i.e., 1.5 T, the 〈2 0 0〉 out-of-plane texture component was
found to have greater influence. The magnetic flux density was found to
increase with increasing 〈2 0 0〉 texture component, while the effect of
grain size was insignificant. The coercivity is inversely proportional to
grain size for polycrystalline magnetic materials with grain sizes above
150 nm following the 1/D law [69,70]. With decreasing coercivity, the
permeability increases, as they are inversely related [70]. Chemistry
also plays a role in coercivity. Arai and Tsuya [49] showed that, com-
pared to other compositions, 6.5 wt% silicon steel displayed the lowest
coercive field. Further, iron loss occurs in DC application as hysteresis
loss as well, but it is generally not a major concern.
4.1.2. AC magnetic properties (iron loss)
Iron loss is one of the most important properties of soft magnetic
materials used in AC conditions. Iron loss is the energy loss (in watt/
kilogram or watt/pound) per cycle at a specific frequency and flux
density [1]. Iron loss is expressed as “Wa/b”, where “a” is the magnetic
flux density in Kilogauss (KG) or one-tenth of a Tesla (T), and “b” is the
frequency in Hz. For example, W10/400 denotes the total iron loss at
10 KG or 1 T magnetic induction with 400 Hz frequency.
The iron loss for sinusoidal excitation can be approximated using
empirical equation in the form of Steinmetz equation:=P C f Bv v m (1)
where Pv is the power loss per volume; f is the frequency; Bm is the peak
magnetic flux density; and Cv, α, and β are the three fitted so-called
Steinmetz parameters. The very first formula derived by Steinmetz does
not have the frequency term, and β was determined to be 1.6 for hys-
teresis losses and 2 for eddy current losses [71]. The three Steinmetz
parameters in Eq. (1) vary for different materials and testing fre-
quencies, and are usually published by soft magnetic material manu-
facturers for their products. The Steinmetz equation can also be ex-
tended into the non-sinusoidal excitation with modification [72–74].
The iron loss can be better understood by the loss separation ap-
proach [75]. The iron loss consists of hysteresis loss, eddy current loss,
and anomalous loss (sometimes called excess loss), with eddy current
loss being the major contributor at frequencies higher than 400 Hz. The
contribution of each component as a function of frequency is illustrated
in Fig. 8 [1,75].
Hysteresis loss per cycle is the energy loss when the material is
cycled once between a positive and negative applied field. It is the area
enclosed by the B versus H loop. Hysteresis loss can be determined
experimentally by the DC magnetic measurement of a single BH loop.
The eddy current loss is created by the electromotive force (emf)
caused by the alternating magnetic flux. Its direction is always opposite
to the magnetic field, thereby reducing the flux change according to
Lenz’s law. Its magnitude is proportional to the change in magnetic flux
and the cross-section area of the material. The eddy current generates
heat, causing power loss proportional to the square of the eddy current
and the resistance. Eddy current loss (classical) can be calculated as-
suming complete flux penetration and constant permeability, and
strongly depends on d, f , and B0 [1].
=P d B f erg
cm
10
6 sec
9 2 2
0
2 2
3 (2)
where d is the thickness in cm, B0 is the surface flux density in Gauss, f
is the frequency in Hz, and is the resistivity in Ω-cm. The unit resulted
for P is erg/sec cm3. It converts to watt/cm3 when multiplies by 10−7.
Classical eddy current estimation through Maxwell’s equations as-
sumes that the material is completely homogenous and devoid of do-
mains [76]. The existence of magnetic domain structures results in a
more complex and non-uniform distribution of eddy currents [6]. The
classical eddy current theory tends to underestimate the total iron loss.
The excess eddy current loss component that cannot be explained
through the classical model of uniform magnetization is called anom-
alous loss [6]. Since it is merely eddy current loss that is not calculable
in detail, some researchers had suggested that the anomalous loss be
renamed as excess eddy current loss [76]. A common practice in esti-
mating the anomalous loss (Pa) is to subtract the hysteresis loss (Ph)
measured under DC condition and the eddy current loss (Pe) calculated
from the classical formula from the measured total iron losses [76]. A
more complex evaluation of eddy current loss is presented by Pry and
Bean [77] by considering the domain structure effect. The domain
model eddy current loss is larger than the classic model power loss, and
the ratio between these two values increases with an increase in 2L/d,
where L is the domain size and d is the sheet thickness. When the do-
main size is constant, the classic model tends to underestimate more for
Fig. 7. B2/D03 ordering as a function of cooling rate. Red circles indicate the
presence of D03 phase, and black squares indicate the absence of D03 phase. The
presence of D03 is unknown in the case of blue triangles [64,66,67]. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fig. 8. Schematic of iron loss separation as a function of frequency [1,75].
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a thinner sheet [1].
The magnitude of eddy currents is not uniform along the entire
specimen. The eddy currents are the strongest at the center, where all
the current rings add, and weaken toward the surface [1]. As a result,
the H and hence B inside the body can be much lowered than that on
the surface, especially in a thick specimen. This causes shielding of the
interior of the thick specimen from the applied field, which is called the
skin effect. The field, Hx, and flux density amplitude, Bx , inside the
specimen at a distant× below the surface can be calculated using the
following equation, assuming that the permeability, µ, is constant ev-
erywhere in the specimen and under any field [1].
= = ++( ) ( )( ) ( )HH BB
cosh cos
cosh cos
x x
x x
d d0 0
2 2
1
2
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=
µf
5030 cm
(4)
here, the field is applied parallel to the surface of the sheet and vary
sinusoidally with time as =H H cos ft20 , where d is the sheet thickness
in cm, is the “skin depth,” is the resistivity in Ω-cm, and f is the
frequency in Hz. Skin depth is the depth under the surface where Hx or
Bx drops to 1/e (∼37%).
4.2. Iron loss management
Iron loss can be affected by silicon content, grain size, impurities,
and texture [78]. Larger grains result in smaller coercivity and higher
permeability, both of which lead to lower hysteresis. However, on the
contrary, larger grains tend to result in larger eddy current loss and
anomalous loss [79,80]. Shimanaka et al. [8] found that the desired
grain size for the lowest W15/50 lies between 100 and 150 µm for
1.85–3.2 wt% Si, with the high silicon content requiring larger grain
sizes. Hou [54] found that hysteresis loss and eddy current loss decrease
with increasing silicon content from 0.21 to 2.0 wt%. The reduction in
hysteresis loss was mainly due to texture and grain size, and the re-
duction in eddy current loss was primarily due to the increase in re-
sistivity. For the frequency range of 1–1000 Hz, Campos et al. [80]
proposed a model to roughly estimate the optimum grain size, which
states that the optimum size is dependent on resistivity, frequency, and
sheet thickness. The optimum grain size of a 0.51-mm-thick electric
steel was estimated by Campos et al. to be in the range of 163–110 µm
for the frequency range of 30–100 Hz.
Impurities, especially fine particles, results in an increase in hys-
teresis loss due to the pinning of domain wall motion and grain growth
[8]. Carbon and nitrogen are usually reduced to 40 ppm and 20 ppm by
moist hydrogen annealing and Al addition, respectively [8]. Reduction
in sulfur content from 65 ppm to 4 ppm can also result in a lower
hysteresis loss, as shown by Oda et al. [81]. Aluminum addition reduces
free nitrogen by forming AlN, which also improves the texture [8].
However, the presence of aluminum oxide particles increases the rate of
wear of the punch-out dies [1]. Other alloy additions such as Sb, Cr, and
B have been explored. Antimony addition was shown to result in both
lower loss and higher permeability [82]. Komatsubara et al. [83] stu-
died 4 wt% Cr addition in 4.5 wt% silicon steel in Kawasaki Steel Cor-
poration. The alloyed steel exhibited good workability owing to its low
Vickers hardness of 240 HV and offered lower iron loss at high fre-
quencies over 5 kHz. However, its iron loss at low frequencies including
400 Hz and 1 KHz was worse than that of 3.2 wt% silicon steel and
6.5 wt% silicon steel. Kim et al. [84] showed that boron addition up to
530 ppm into 6.5 wt% silicon steel improved the workability due to
grain refinement resulting from boron grain boundary segregation.
Texture also affects the iron loss, with lower loss present in the
(1 0 0) plane followed by (1 1 0) and (1 1 1) planes [8], corresponding
to the easy magnetization axis of 〈1 0 0〉 and hard magnetization axis of
〈1 1 1〉 in bcc iron. Texture can be achieved in electric steel through the
following routes: (1) utilizing the γ to α transition (fcc to bcc structure)
during cooling [8]; (2) recrystallization and annealing after heavy cold-
rolling [1,8,85]; (3) rapid solidification [86–88]; (4) directional soli-
dification/recrystallization [89–91]; (5) alloying addition [82,8]; and
(6) magnetic annealing [92–95]. The desired texture for the stationary
transformer and for the motor are different. For transformers, the field
is along the long edges of the laminations. Easy 〈1 0 0〉 direction in the
direction of magnetization is preferred, and the desired texture is {hkl}
〈1 0 0〉. In practice, grain-oriented steels were so prepared that they
have the {1 1 0} 〈0 0 1〉 GOSS texture. For motor, the field is in the
plane of the sheet, while the angle in the plane rotates.
{1 0 0}< uvw > is satisfactory as it keeps the hard 〈1 1 1〉 axis out of
the plane, and 〈1 0 0〉 out-of-plane fiber texture is more favorable, as it
would be isotropic in the sheet plane [1]. Moreover, although a cube
texture {1 0 0} 〈1 0 0〉 has been achieved, it has not been produced in
large quantity [1].
The anomalous loss is also affected by domain sizes and the number
of domain walls [76]. Decreasing the domain size [12] and increasing
the number of domain walls reduce the anomalous loss [76]. A number
of domain-refining techniques have been proposed to reduce the
anomalous loss [12,76]. Typical methods include grain size refinement,
application of stress through coating [96], laser irradiation [97], laser
scribing [45], and introduction of local strain [98].
4.3. Lamination and near-net shape processing
The effect of thickness on iron loss can be large. Oda et al. showed a
25%–30% iron loss reduction for W10/400 when the thickness of the
electric steel was reduced from 0.35mm to 0.20mm [99]. Kan et al.
[55] also showed similar results for W12.5/50 for ribbons with 100 µm
thickness. Due to the skin depth problem, silicon steel is mostly used in
the laminated form to reduce energy loss. Thin paper was historically
used by George Westinghouse to laminate wrought iron sheets to make
transformers in 1885 [100]. Nowadays, a coating is applied to each thin
silicon steel laminate for electrical insulation. A few coating strategies
are available: organic varnish can be used, but it cannot withstand the
stress-relief annealing; a slightly oxidizing annealing atmosphere can be
used to form an iron oxide film that tightly adheres on the surface; and
MgO powder coating is often used before high-temperature annealing.
MgO powder combines with SiO2 to form a glassy magnesium silicate,
and puts the steel in tension after cooling to room temperature due to a
smaller CTE, which may also result in lower core losses due to the fa-
voring of 180° domain walls [1].
The insulating coating, not being a ferromagnetic material, lowers
the effective volume of the electric steel. In addition, the coating and
laminating process adds additional labor to the production. Moreover,
the magnetic properties including AC loss and magnetizing force H15/
50 (H15/50 is the magnetic field required to reach a magnetic induc-
tion of 1.5 T at 50 Hz) of silicon steel can be severely affected by the
stamping method used to prepare the laminates. According to Kurosaki
et al. [101], the strains produced during shearing and laser cutting
resulted in higher W15/50 and H15/50 compared to the strain-free
laminates obtained by wire electrical discharge machining (WEDM).
Subsequent annealing at 750 °C for 2 h to relieve stress can be used to
eliminate the difference. The authors also reported that the interlocking
and welding used to clamp the laminates led to higher eddy current
losses due to short circuits.
Near-net shape processing of insulated electric steel may offer a
solution to this dilemma. Composites of insulated soft magnetic mate-
rials are often called soft magnetic composites (SMCs). Shokrollachi
et al. recently reviewed SMCs [102]. The insulating coating can be
organic or inorganic, where the organic coatings typically are epoxy,
acrylic, polyester, epoxy-polyester hybrid, and polyurethane, and the
inorganic coating can be an oxide (such as Fe2O3), a phosphate (such as
zinc phosphate, iron phosphate, and manganese phosphate), or a
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sulfate. SMCs are attractive owing to their low eddy current loss, which
is made possible by the high resistivity offered by the inter-particle
insulation. Its ability to undergo near-net shape processing via the
powder metallurgy compaction route is also an advantage. However,
the coating and the air–gap dilute the material’s saturation magneti-
zation and permeability. In addition, higher hysteresis losses are often
observed due to the strain produced during the compaction.
Recently, by mixing with a 35 vol% wax-based binder, near-net
shaping of an atomized 12.7 µm Fe-6.5 wt%Si powder compact was
made possible via metal injection molding by Miura and Kang [103].
Followed by solvent debinding, thermal debinding, and 1350 °C sin-
tering, a nearly 100% dense body was produced. However, the DC
magnetic properties of the sintered compact were not as good as that of
the wrought Fe-6.5 wt% alloy. And the iron loss of∼ 400W/kg at
10 kHz is high. Such high iron loss was probably resulted from the lack
of lamination of the sintered body. In another study, a nearly fully
dense Fe-6.5 wt%Si/SiO2 core–shell composite was synthesized [104].
The process involves ball milling of water-atomized Fe-6.5 wt%Si alloy
powders and SiO2 powders followed by spark plasma sintering at
1150 °C. The composite has an excellent electrical resistivity of
1400 µΩ-cm. However, both the coated and un-coated Fe-6.5 wt%Si
compacts suffered from poor DC and AC magnetic properties. A new in
situ chemical deposition process using 3-aminporophyltriethoxysilane
(APTES), tetraethyl orthosilicate (TEOS), anhydrous ethanol, and am-
monia was used to replace the ball milling process, yielding a re-
markably high electrical resistivity of 4800 µΩ-cm [105]. W10/400 of
10.6W/kg was achieved on a 6.35mm composites compact, which was
similar to that of a commercial thin 6.5 wt% silicon steel sheet [105].
However, the newly produced thin composites had lower saturation
magnetization and permeability caused by the addition of SiO2.
It should be noted that all the conventional bulk magnets use ei-
ther sheets, or near-spherical powders as building blocks. A new
strategy was proposed by Cui et al. using the coated flakes, which
offers new method to minimize the saturation magnetization loss
while maintaining high electrical resistivity [106]. The flakes can be
mass-produced by melt spinning, coated with a nonconductive
coating, and then consolidated into bulk magnets with a “brick wall”
structure, as shown in Fig. 9. This strategy uses ductile flakes instead
of sheets or powders as building blocks for the bulk magnet. The use of
flakes is different from using sheets in that near-net shape processing
can be achieved, and differs from using powder of the same thickness
in that the demagnetization factor and eddy current can be minimized.
A limitation of the flakes approach is the relatively low packing
density, which can lead to low density and low magnetization. It,
however, offers endless possibilities to optimize the flake size, spa-
cing, and the coating thickness for specific frequencies and induction
levels.
4.4. Mechanical properties
Tensile tests performed by Seifert et al. [107] on double-roller-
quenched and annealed Fe-6.5 wt%Si steel suggested that the appear-
ance of D03 superlattice structure is responsible for the loss of ductility.
They also showed that the ductile as-quenched samples could be con-
verted into brittle materials by air cooling or annealing, and brittle
ribbons can be converted back into ductile ribbons by annealing above
the B2-D03 temperature followed by quenching; this further supports
the argument that D03 ordering renders the Fe-6.5 wt%Si steel brittle.
Higher bending numbers were observed on thinner samples, and the
increased ductility of thinner ribbon was claimed to be caused by the
greater mobility of dislocations in the surface region.
The stress–strain curves and XRD patterns of the melt-spun Fe-
6.5 wt%Si ribbon in the as-spun state and annealed state are shown in
Fig. 10a and b, respectively. After annealing at 1100 °C, the annealed
sample was slowly cooled at a rate 10 °C/min. The annealed sample
exhibited worse mechanical properties than the rapidly quenched
sample did, as demonstrated by lower strength and less elongation at
break. XRD analysis revealed the formation of B2 and D03 in the an-
nealed sample, which is responsible for the loss of ductility. However,
as compared to the ductile as-spun state, annealing improves the
magnetic properties including relative permeability and coercive force,
as shown in Fig. 10c. It also reduces the iron loss at 400 Hz and
1000 Hz, as shown in Fig. 10d. Production in the ductile state followed
by a final annealing prior to application is key for the production of
high silicon steel with the desired magnetic properties.
The hardness increases monotonically with increasing silicon con-
tent according to Hou [54], who studied steel with a maximum silicon
content of 2.0 wt%. Shin et al. [57] studied the hardness of silicon
content up to 13 at% by micro-indentation and nanoindentation tests.
Vickers hardness was found to vary linearly with silicon content. For
high silicon steel, the equation HV= -112+41.1 at% Si was estab-
lished, and for low (less than 6 at%) silicon steel, the equation
HV=59.9+24.3 (at%)2/3 was found valid. The (at%)2/3 and at%
correspond well with substitutional solution hardening and short-range
ordering hardening, respectively [108]. Nanoindentation showed two
peak values, 5.55 GPa and 6.25 GPa, for the 100 indents made on the
sample annealed at 650 °C for 2 h and then furnace cooled, which had
both A2 and B2; this was the only result that suggested that A2 and B2
phases might have different hardnesses. Haiji et al. [35] showed that
the workability can be further improved by suppressing grain boundary
oxidation. The presence of oxygen during annealing was shown to re-
side in the grain boundaries, facilitating grain boundary rupture, which
can result in poor workability.
To increase the ductility of high silicon steel, various alloying ad-
ditions have been explored. Al [109], Ga, Cr, Ni, and Nb were found to
Fig. 9. Schematic showing a magnetic material consisting of (a) conventional spherical powders and (b) high-aspect ratio flakes. The powders and flakes are in blue
and the coating is in gray. For comparison, the thickness of the flakes is equal to the diameter of the powder. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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increase the plasticity of high silicon steel [110]. However, the amount
of alloying additions has to be restricted to a limited quantity, i.e., 2%,
or in the case of Nb at 0.5%, due to the adverse effect on magnetic
properties [110]. Mn addition was also explored and showed a more
prominent effect than Ni in terms of ductility [111]. Kim et al. [84]
reported significant improvement in the workability of high silicon steel
with the addition of up to 530 ppm boron, which allowed cold working
of thin high silicon steel when a careful procedure is followed. Despite
the marginal improvement, the alloyed high silicon steels typically
suffered from worsening magnetic properties.
5. Processing of high silicon steel
Due to its brittle nature at room temperature, processing of high
silicon steel using the conventional route is not possible. Multiple
processing techniques have been developed to mitigate the brittleness
problem, including special thermal mechanical processing (combina-
tion of hot/warm/cold rolling), rapid solidification, and deposition/
diffusion annealing. All these processes are intended to produce thin
silicon steel strips that can be laminated for practical applications. A
few important properties including coercive force, permeability, mag-
netic induction, and iron losses at various conditions are summarized in
Fig. 13 at the end of this section.
5.1. Thermal mechanical processing
A series of thermal mechanical processing experiments were per-
formed on Fe-6.5 wt%Si by various groups, such as Houbaert and
Schneider’s group [112–117], Lin’s group [118–120], and others
[78,95,121,122]. These processes were possible due to the avoidance of
ordering, either by using high temperatures for hot rolling, or
quenching prior to the cold rolling runs. Hot rolling of slabs has to be
conducted above 1000 °C as the mean flow stress was found to sig-
nificantly increase in high silicon steel when the temperature drops
below 950 °C, but remains low above 1000 °C [116]. In practice, Yanez
showed that after heating the slabs to 1150–1250 °C, hot rolling in four
or nine passes with a total reduction of about 95% is possible with no
major problems [116,113]. Cold rolling was only possible by prior ac-
celerated cooling. With the right processing parameters, a final thick-
ness of 0.4mm was achieved by cold rolling [113]. However, cold-
rolled samples can lose their ductility due to rapid domain growth, and
any further rolling was not possible [113]. Industry prefers hot and cold
rolling processes because of minimum changes to the current low si-
licon steel production lines.
Another rolling technique involves the use of powders and may be
called direct powder rolling. In this technique, atomized iron powders
and silicon powders are blended by ball milling and then subjected to
rolling. This process merely shapes the powder compacts and re-ag-
glomerates the powders into a thin strip. High-temperature annealing
Fig. 10. (a) Stress–strain curves of Fe-6.5 wt%Si steel strips tested in as-spun state and annealed state followed by slow cooling at 10 °C/min rate. The strain was
measured by grip-to-grip separation. (b) XRD patterns of Fe-6.5 wt%Si steel in as-spun state and annealed state followed by slow cooling at 10 °C/min. The insert
shows the superlattice peaks. (c) BH loops for Fe-6.5 wt%Si tape-wound core in as-spun state and annealed state tested up to 8000 A/m using KJS Associates/
Magnetic Instrumentation Model SMT-700 Soft Magnetic Tester. The inset shows the BH loops with 1 T peak magnetic flux densities. (d) Total iron losses of the Fe-
6.5 wt%Si tape-wound cores as a function of flux density at different frequencies in the as-spun state and annealed state.
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must be performed to alloy and homogenize the compacted strip. Li
et al. produced 60-mm-wide and 0.2–0.35-mm-thick 6–6.5 wt% silicon
steel strips by this method [123]. The annealed strip has a saturation
induction value of 1.795 T, which is close to the theoretical value.
However, the iron loss of the strip remains high. Although direct
powder rolling effectively mitigates the brittleness issue, it brings in
new problems such as contamination of powders, nonhomogeneous
composition, and limitation in strip length.
5.2. Rapid solidification
The brittleness of high silicon steel originates from the B2 and D03
ordering. Rapid solidification techniques that surpass the ordered
phases are thus widely studied for the production of high silicon steel.
One of the most widely used techniques in rapid solidification is
melt spinning. In the melt spinning process, alloys are inductively
melted in a crucible before being ejected onto a rotating wheel. Such a
process directly produces continuous thin ductile strips with 10–100 µm
thickness. A typical melt spinning setup is shown in Fig. 11. Melt
spinning was used by Arai and Tsuya to produce 3.8 to 9.3 wt% silicon
steel ribbons as early as 1980 [49]. Recent efforts by Lin’s group
[51,124] has brought the melt spinning of 6.5 wt% silicon steel one step
further toward the production of large-scale ribbons with 25mm width
and 0.03mm thickness. The melt-spun thin ribbon is ductile and can be
bent 180° without cracking [65]. The magnetization of melt spun 6.5 wt
% silicon steel is around 1.78 T; however, its coercivity can be large due
to the small grain size and large strain [49,50]. Nevertheless, the
coercivity may be reduced by high-temperature annealing, with
1200 °C for 35min as the most suitable condition to produce the lowest
coercivity [49]. Due to the presence of heat gradient from the ribbon
wheel side and free side, the grains tend to grow columnarly along the
ribbon thickness direction resulting in a certain degree of a 〈1 0 0〉 out-
of-plane fiber texture [50,86]. This favorable texture makes melt-spun
ribbons especially desirable for motor applications.
Many process parameters such as melt temperature, nozzle size,
nozzle-to-wheel distance, wheel material, wheel speed, overheat,
chamber gas, chamber pressure, and injection pressure must be closely
controlled to obtain continuous high quality ribbons. Nickel-plated
copper wheels were found to be the optimum wheel owing to their
wetting behavior, whereas copper wheels could not produce well-
shaped ribbons efficiently and steel wheel was found inefficient in
Fig. 11. Schematic depicting a typical set up of a melt-spinning system.
Fig. 12. (a), (b) TEM {1 1 0} zone diffraction pat-
terns of 1m/s and 30m/s melt-spun ribbons, re-
spectively. (c), (d) {1 0 0} and {1 1 0} pole figures
obtained by electron backscatter diffraction (EBSD)
technique showing 〈0 0 1〉 out-of-plane texture (with
slight tilt with respect to the sample surface normal)
of 30m/s melt-spun ribbon.
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cooling when processing large quantity of melt due to poor conduction
[86]. Helium, compared to argon gas, created a less violent gas
boundary layer, thus resulting in fewer air pockets and better ribbon
shape [86]. Furthermore, the wheel speed affects the cooling rate and
ribbon thickness [50], thereby can be used to control the degree of
ordering [50], which in turn affects the mechanical properties and
coercive force [50,109]. Electrical resistivity, however, remained
constant for different wheel speeds [109]. Adjusting the wheel speed
offers an opportunity to tune the texture and grain size as well as the
ordering. Fig. 12 shows the difference in ordering at two different
wheel speeds, and the 〈0 0 1〉 out-of-plane texture produced at a high
wheel speed.
Melt spinning enables a direct production of ductile Fe-6.5 wt%Si
thin sheet and can save a large amount of energy by avoiding the en-
ergy-consuming rolling processes. The wheel usually spins at 30m/s,
which implies a production speed of 30m of sheet per second. The
rapid quenching also minimized the oxidation, which eliminated the
need for an acid wash, thus minimizing impact to environment.
However, at its current stage, melt spinning can only offer a limited
range of thickness (0.03–0.1 mm) and width (< 300mm), and is now
mainly used in laboratories to produce 6.5 wt% silicon steel in small
scale (< 1 kg/batch).
As another rapid solidification technique, strip casting was explored
for the processing of Fe-6.5 wt%Si steel. In the strip casting process,
superheated molten metal is poured into a preheated tundish, where it
is then flowed down through a nozzle onto water-cooled steel or copper
rolls. A 1 to 2mm thick cast strip is then air cooled to room tempera-
ture. Strip casting offers a high solidification rate and can produce strips
with thicknesses close to that of the hot-rolled sheets. Wang’s group
recently conducted a series of studies on strip casting of silicon steel
[87,88,125–132]. Strip casting of 3 wt% silicon steel was successful
[87], and strip casting of 6.5 wt% high silicon steel was attempted
[88,125]. However, rolling of the strip cast sheet remains challenging
due to the lack of sufficient ductility [88,125]. The iron loss of
22–24W/kg at 1 T and 400 Hz of the annealed strip [88,125] is high.
The preferred 〈0 0 1〉 out-of-plane fiber texture is observed on the strip
cast sample [87,127]. The degree of the texture was found to be de-
pendent on the superheat, with high superheat resulting in elimination
of equiaxed grains and improvement of the 〈0 0 1〉 fiber texture [87].
The preferred orientation randomizes after the subsequent rolling
process. To retain the 〈0 0 1〉 fiber texture, an additional 1200 °C hot
rolling process was found to be useful [88,125].
Strip casting allows the production of continuous strips several
millimeters in thickness, and eliminates the hot rolling and acid wash
step involved in the production of steel laminates. When needed, warm
and cold rolling may be added to the strip casting line with ease.
However, production of strip-cast high silicon steel with the desired
thickness and sufficient ductility remains a challenge.
Though a desirable texture can be generated via various processing
techniques, the microstructure is likely to be randomized during sub-
sequent high-temperature annealing which is essential to achieve good
magnetic properties. One way of maintaining the preferred texture is by
directional recrystallization, wherein the sample is passed through a hot
zone with a temperature gradient to achieve directional recrystalliza-
tion. This process favors the growth of columnar grains, thereby indu-
cing a preferred orientation. Various reports on directional solidifica-
tion/recrystallization are available in the literature
[61,89–91,133,134]. For example, {1 1 0} 〈1 1 1〉 and {1 1 1} 〈1 1 0〉
texture components were introduced to Fe-6.5 wt%Si high silicon steel
using a 1150 °C directional recrystallization process [89]. The coer-
civity of the obtained sample in the direction 60° away from the growth
direction is remarkable, reaching 13.9 A/m, which is the result of or-
iented grains and a large grain size. The processing parameters such as
hot zone temperature [90], growth rate [90], and directional solidifi-
cation rates, i.e., the specimen-withdrawing velocity [90] can be tuned
to optimize the texture.
5.3. Deposition/diffusion annealing
The deposition/diffusion annealing approach utilizes ductile low
silicon steel as feedstock. A higher silicon content is achieved through
surface deposition techniques of high silicon containing chemicals.
Diffusion annealing is then performed to achieve uniform distribution
of silicon. The deposition method varies, including chemical vapor
deposition (CVD), hot dipping, physical vapor deposition (PVD), and
spray forming.
NKK Corporation, now a part of JFE steel, pioneered the production
of gradient 6.5 wt% Si steel using CVD approach [35,95,135]. In their
process, Si is deposited on the surface of 3 wt% Si steel sheet by passing
silicon tetrachloride (SiCl4) gas over and then allowing Si to diffuse into
the bulk at 1200 °C [136]. The following chemical reaction occurs
during the diffusion process.
+ +SiCl 5Fe Fe Si 2FeCl4 3 2 (5)
Such a CVD process has some drawbacks such as the limitation of
sheet thickness and high environmental impact due to the use of
harmful SiCl4. The health effects upon exposure to SiCl4 have been
mentioned in literature [137,138] and media [139].
The hot dipping and diffusion annealing route to producing 6.5 wt%
gradient silicon steel was introduced by Ros-Yanez et al. [116,140]. In
this method, 0.35-mm-thick 3.2 wt% silicon steel was dipped into an Al-
Si hypereutectic bath (25 wt% Si) at 800 °C to achieve a multilayer Fe-
containing intermetallics, which was then annealed at 1250 °C for
30min to achieve homogeneous Si and Al concentrations of up to 6.5 wt
% and 4.5 wt%, respectively. The sample immersed for 100 s and an-
nealed at 800 °C for 60 s showed a power loss of 33.57W/kg at 1 T and
400 Hz; further annealing at 1250 °C for 30min resulted in W10/400 of
10.56W/kg. This method is similar to the JFE steel CVD process and
may have potential for mass production. However, the introduction of
aluminum is unavoidable, which may adversely affect the magnetic
properties such as magnetization and magnetostriction.
PVD methods have been investigated such as electron beam PVD
[141] or magnetron sputtering deposition. However, the formation of
pores [141] or porous interfaces [142] remains a problem and ad-
versely affects the magnetic properties [141]. While the application of
PVD method may be viable for small samples, the mass production of
wide sheet is challenging.
Spray forming uses a carrier gas such as Ar to spray atomize liquid
metal Si onto a rotating iron substrate [121] or strip [143]. Then, the
samples are homogenized at 1100 °C for 10 h [121] followed by rolling
to reduce the strip to thinner gauges. To increase the ductility during
the rolling process, Al was added to the cold spraying process
[144–146], which improved the ductility due to the avoidance of B2
ordering owing to the presence of Al; however, the formation of in-
clusions impaired the magnetic properties. A recent effort by Cava et al.
[147–149] focused on co-spraying Fe-3.5 wt%Si+ 3wt% Si on a 1020
steel substrate. However, the presence of oxide particles in the final
microstructure remains a problem.
5.4. Comparison of magnetic properties
The magnetic properties of 6.5 wt% silicon steel is plotted in Fig. 13
[35,47,78,88,95,118,120,124,125,140,142]. The iron losses are de-
pendent on the thickness, except at a low frequency of 50 Hz. The low
frequency loss W10/50 has a significant contribution from the hyster-
esis loss, and thus, the thickness dependence is not prominent, and the
typical losses range from 0.5W/kg to 0.7 w/kg for all the methods
referenced. Eddy current loss makes a larger contribution when testing
at higher frequency. The dependence on thickness at high frequencies is
thus more significant, with thinner thicknesses generating much lower
iron losses.
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6. Application
Soft magnetic materials are extensively used in the fields of elec-
tricity conversion, electric machines, sensors, EMI prevention, and
electronic components. This section provides a brief introduction of the
potential applications of high silicon steel and the desired materials
properties.
6.1. Electricity conversion
Electricity are frequently converted between AC and DC, and be-
tween different voltages and frequencies. Devices such as transformers,
inverters, converters, and frequency modulators accomplish the con-
version using soft magnetic materials [150]. Transformers are used to
alter the AC voltages. Based on the operating frequency, the transfor-
mers can be classified as 50/60 Hz distribution transformers [151,152],
400 Hz transformers [25], and high-frequency (audio/radio) transfor-
mers [31,40]. While 50/60 Hz transformers are extensively used in
residential applications, 400 Hz transformers are popular in aviation
industry [153] and military applications [154] where high power
density is desired. Inverters convert DC power to AC power, and are
primarily used by solar power systems, fuel cell power systems, unin-
terruptible power supplies [155], and electric vehicle motor drives
[154,156]. Converters are used to convert AC to DC for battery char-
ging, and frequency modulators which modifies frequency.
For applications in the frequency range of 0–102 Hz, cost is the
primary consideration. While high saturation magnetization and
high permeability are highly desired, high electrical resistivity
(> 50 µΩ-cm) is also preferred but not as critical. In addition, low
coercivity and low hysteresis are required for a low power loss. In
contrast, for applications in the frequency range of 102–1010 Hz,
high electrical resistivity is necessary. The requirements also in-
clude high permeability and low power loss [157]. High silicon
steel (6.5 wt% Si) satisfies all the requirements for low to medium
frequency applications (up to 1 kHz) and has become a candidate
for applications in high-frequency (up to 15 kHz [158]) inductors in
the automotive, aerospace, and stationary power generation in-
dustries [159]. Currently, 6.5 wt% silicon steel from JFE steel pre-
pared by the CVD process are used as the core materials of the in-
ductors of 15 kHz buck-boost converters in Toyota Prius hybrid
electric vehicles (HEVs) [158]. Other 6.5 wt% silicon steel products
such as MEGA flux from Chang Sung Corporation [160], XFLUX
from Magnetics Inc. [161], Fluxsan from Micrometals Inc. [162],
and DF series from Hengdian Group [163] are also commercially
available for inductor applications [164]. The performances of Fe-
6.5 wt%Si powder core, ferrite core, and nanocrystalline core for
the inductor of a buck-boost converter were compared by You et al.
[158]. And Fe-6.5 wt%Si powder core was found favorable owing to
its high saturation, low core losses at 10 KHz, high thermal stabi-
lity, low acoustic noise, and more importantly, low cost [158].
Fig. 13. Comparison of AC magnetic iron losses of Fe-6.5 wt%Si steel produced by different methods tested at different conditions
[35,47,78,88,95,118,120,124,125,140,142].
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6.2. Electric machine
Electric machine has two variations, one is power generator and the
other is electric motor. The rotating magnetic field between a rotor and
a stator leads to the conversion of mechanical energy into electrical
energy for generators and the reverse conversion for motors. The ap-
plication of advanced soft magnetic materials to rotors and stators is the
key for high efficiency motors which operates at high frequencies to
meet the trend of system miniaturization and cost reduction
[99,165–168]. For electric machines to achieve their best performance,
high magnetization, high permeability, low coercivity, high electrical
resistivity, and high Curie temperatures are indispensable magnetic
properties [169].
Non-oriented silicon steel finds many applications in electric ve-
hicle. Its application includes traction motors, power steering motor,
wind-shield wiper motor, seat adjuster motor, fuel pump, HVAC com-
pressor and fans, window life motor, and electrical turbocharger mo-
tors. The 6.5 wt% Si steel is more attractive due to its low raw material
cost, near-zero magnetostriction, and low iron losses at higher fre-
quencies [99].
6.3. Sensors
Sensors convert energy from one form into another to detect,
measure, and analyze the source signal. The demand for high-perfor-
mance and cost-effective sensors is rapidly growing [170]. Various
magnetic effects are employed by sensors, such as electromagnetic ef-
fect, Hall effect, magnetoresistive effect, magnetoelastic effect, and
giant magnetoimpedance effect [171]. These effects are used in a
number of devices such as magnetic field sensors [172], stress/strain
sensors [170,173,174], current sensors [175], temperature sensors
[176,177], and light sensors [178]. In general, a sensor material should
have low coercivity, temperature-stable permeability, and high elec-
trical resistivity [179]. However, individual sensors may have different
requirements due to the nature of the magnetic effects being utilized.
Magnetic sensors are widely used in the automotive industries such
as anti-lock brake system sensor rings, pump angle sensors, ignition
system pulse generators and rotational speed sensors, power steering
system rotation and torque sensors, and electronic gearbox control
system input and output speed sensors. [180]. Currently, these sensors
use ferrite, stainless steel, or iron. However, these can all be the po-
tential applications of the 6.5 wt% silicon steel, which is capable of
delivering lower losses. Particularly, the 6.5 wt% silicon steels may be a
direct replacement for silicon steels in which are used in high-frequency
pulsed current step motor sensors, where these sensors are used to
provide electronic control of the valve openings [180].
6.4. Electromagnetic interference (EMI) prevention
EMI is the electromagnetic disturbance that degrades the perfor-
mance of electrical circuits [181]. With the ever-increasing utilization
of electronic devices in our daily lives, EMI prevention have been at-
tracting great interests for devices protection. One form of protection is
the common mode chokes, which operate by acting as a low-impedance
wire to pass the desired signal and as a high-impedance inductor to
block high-frequency noise [182]. Electromagnetic field shielding pre-
vents EMI as well [183,184]. It could be used either for passive
shielding by drawing the magnetic field into itself, or for active
shielding by generating a field to eliminate the external field. These
applications largely pertain to the aviation and telecommunication in-
dustries [185].
The materials used for EMI applications require a high initial per-
meability and remain stable in frequencies up to 10MHz, and should
maintain high impedance within a wide frequency range and at high
operating temperatures [186]. The currently popular EMI materials are
Ferrites [187], amorphous, nanocrystalline alloys, and iron-nickel
alloys [188]. However, with the increasing demands for higher flux
densities [189], materials with high magnetic saturation and high
electrical resistivity would be necessary. High silicon steel could be a
viable candidate if its electrical resistivity is further enhanced by
forming a composite with non-conductive coating materials.
6.5. Electronic components
Soft magnetic materials are widely employed in electronic compo-
nents. Among them, applications in the fields of data storage and tel-
ecommunication are of tremendous significance in the current in-
formation age. The magnetic read/write head material for data storage
is a good representation in this field [190,191]. These materials must
have high magnetization, high initial permeability, high mechanical
hardness, high wear resistance, and near-zero magnetostriction [31].
Telecommunication applications deal with transmitting information via
the conversion between electric current and electromagnetic wave
[169], which requires a low core loss at a high frequency (MHz to GHz)
[192]. Additionally, numerous electronic components take advantage
of soft magnetic materials to perform their functions, such as circula-
tors, isolators, limiters, phase shifters [182], pulse transformers [193],
inductors [194,195], switches [196], and amplifiers [183]. Examples of
soft magnetic materials in this category may include dimmer switches,
contact plates, heater valves, relay armatures, and gas security valve
cores [180]. For parts that require high resistivity and high perme-
ability, silicon steel is the usual choice, such as printer heads in the
impact printers used in automated teller machines [180].
6.6. Others
In addition to magnetic properties, soft magnetic materials de-
monstrate other advantageous properties. For instance, a low Young’s
modulus allows soft magnetic materials to be used as automobile valve
springs [193]. Similarly, high stiffness is the optimal property for the
materials of certain sporting goods, such as golf clubs, baseball bats,
snowboards, and fishing equipment [197]. Soft magnetic materials are
extensively utilized in chemical and medical applications as well
[198,199].
7. Summary
Soft magnetic materials find wide applications in today’s electric
and electronic world. While soft magnetic materials enables energy
conversion, they consumes a significant amount of energy during the
process due to the iron loss. To conserve energy and meet the increasing
demand for high-frequency operation, the iron loss of soft magnetic
materials needs to be minimized. High silicon steel, more specifically,
6.5 wt% silicon steel possesses high electrical resistivity, high saturation
magnetization, zero magnetostriction, and low raw material cost, which
make it a promising candidate for mid-frequency applications.
However, 6.5 wt% silicon steel is brittle due to the formation of ordered
phases, and cannot be processed using the economical cold rolling
method. A number of processing techniques such as thermal mechanical
processing, rapid solidification, and deposition/diffusion annealing
have been investigated for manufacturing ductile 6.5 wt% silicon steel
sheet. These methods have drawbacks including high cost, limitations
in width and thickness, and adverse environmental impact. To enable
the wide application of 6.5 wt% silicon steel, these drawbacks, in par-
ticular, the overall processing cost must be thoroughly addressed.
Fe-6.5 wt%Si steel can be used in various forms such as wound tape,
stacked laminates, or powders/flakes compacts. It is important to ob-
tain ductile Fe-6.5 wt%Si sheet by suppressing the embrittling ordering
phases, as ductility is needed for the subsequent mechanical processes
such as spooling or stamping. The ability to prepare sufficiently wide
sheet is critical, as it is the basis for large laminates for electric motors.
It should be noted that the ultimate goal is to achieve the optimum
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magnetic property with the material in its final form. In most cases, the
rapidly solidified disordered Fe-6.5 wt%Si steel with fine-grains cannot
be directly used because the ordered B2 and D03 phases that are re-
sponsible for better magnetic properties are missing [62]. Annealing is
required to call back these phases, relieve stress and increase grain size,
albeit additional annealing process inevitably imposes processing
complexity.
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